Ultra-ne Ti(C,N)-TiB 2 -Co cermets were fabricated from Co, Ti, C, and BN powder mixtures via a reactive hot pressing (RHP) process, and the effect of sintering temperature on their microstructure and properties was explored. An elevated temperature was conducive to the full conversion of Ti(C,N) phase, thus leading to microstructure homogenization and the production of cermets with a high relative density and purity. With increasing temperature, the relative density, hardness, and fracture toughness rst increased, and then decreased. A sample sintered at 1150 C therefore displayed the best overall performance in terms of its maximum relative density and ultra-ne particle size, with relative density, hardness, and fracture toughness of 99.9%, 1947 HV10 and 6.6 MPa.m 1/2 , respectively. Compared with P10 cemented carbide, Ti(C,N)-TiB 2 -Co displayed superior wear resistance because of its higher hardness, as well as the formation of an oxidation layer on the worn surface during dry sliding friction and wear. [
Introduction
Ceramics based on Ti(C,N) and TiB 2 have been widely used for cutting tools and wear-resistant parts due to their high melting point, high hardness, and excellent wear resistance. When used as a cutting tool, TiB 2 has a greater hardness than Ti(C,N), but the latter possesses a lower coef cient of friction. [1] [2] [3] The overall mechanical properties of Ti(C,N)-TiB 2 cermets are superior to those of monolithic Ti(C,N) or TiB 2 ceramics alone 4) , which has generated considerable research interest in recent years. The most common way to produce Ti(C,N)-TiB 2 ceramics is via a two-step method in which Ti(C,N) and TiB 2 powders are rst mixed, and then sintered to create a powder mixture is then sintered. 4, 5) More recently, Yang et al. 6) and Zhan et al. 7) succeeded in synthesizing Ti(C,N)-TiB 2 composite ceramics through a one-step process of self-propagating high-temperature synthesis (SHS); however, this left a large number of pores in the resulting product. [6] [7] [8] [9] There is, therefore, a need to nd a way of imposing additional pressure in order to improve the relative density of these ceramics.
As a combination of reaction synthesis and densi cation, the reactive hot pressing (RHP) technique has attracted much attention due to its advantages of low production cost, high relative product density, and clean interfaces. Up to now, this method has been mainly used for the production of intermetallic compounds, composite materials, and ceramics, but with very few reports related to Ti(C,N)-based cermets. Previous investigations into the formation mechanism of Ti(C,N)-based cermets in the Co-Ti-C-BN system, 10) which were motivated by the good wettability of Co binder on Ti(C,N) and TiB 2 ceramics, have found that Co can reduce the formation temperature of Ti(C,N) and TiB 2 . Some research results show that sintering temperature can greatly in-uence the phase composition, microstructure, and properties of RHP products. 11, 12) The present study explores its speci c effect on Ti(C,N)-TiB 2 -Co cermets.
Experimental
The raw materials used for this study included commercial powders of Co (99% purity, <1 μm), Ti (98% purity, <0.8 μm), C (99% purity, <1 μm) and BN (99% purity, <0.5 μm). For the Co-Ti-C-BN system, the mass fraction of Co, Ti, C and BN powder was xed at 12, 69.38, 4.16 and 14.46 mass%, respectively. Each powder was prepared by dry-milling for 8 h in a tumbling ball mill (Model MITR GM-5-8, China), which was rotated at 100 rpm and contained zirconia balls as the grinding medium. The powders were then placed into a graphite die (diameter 30 mm) and pre-pressed for 10 min under a pressure of 20 MPa. The resulting powder compacts were transferred into a vacuum hot pressing furnace (Model ZT-40-20y, China), where they were then heated to a designated temperature (1000, 1050, 1100, 1150, 1200 or 1250 C) at 10 C/min from room temperature to 800 C, and 5 C/min thereafter. To improve the relative density, a uniaxial pressure of 20 MPa was applied during heating from 900 C to the chosen sintering temperature, at which point the pressure was increased to 34 MPa. After holding at temperature for 30 min, the samples were cooled in the furnace.
The sintered specimens were cut into 4 × 10 × 20 mm sections using an electrical discharge machine, and were then ground and polished. The phase composition of these polished surfaces was then analyzed by X-ray diffraction (XRD) (Model D8 Advance, Germany). Metallographic observation was conducted using an optical microscope (Model ZEISS Scope A1, Germany). Scanning electron microscopy (SEM) (Model S-4800, Hitachi, Japan) with energy dispersive spectrometry (Model Link-ISIS, Oxford, England) was used to observe the microstructure of both the polished surfaces and fracture surfaces.
The relative density of each of the sintered bodies was calculated from its theoretical density and measured density using Archimedes principle and the following eq. (1):
where m 1 , m 2 and m 3 are the theoretical mass frictions of TiB 2 (20 mass%), Ti(C,N) (68 mass%) and Co (12 mass%) in the Ti(C,N)-TiB 2 -Co cermet (the mass ratio of Co:Ti:C:BN in the raw material was 12:69.38:4. 16:14.46 ). According to the mass fraction of C and BN in the raw materials, the [C]/[N] ratio is about 0.6. It implies that Ti(C 0.3 ,N 0.5 ) would be synthesized. Compared with Ti(C 0.5 ,N 0.5 ), the lattice parameters, atom numbers and corresponding theoretical density of Ti(C 0.3 ,N 0.5 ) differs. Hence, the theoretical density of Ti(C 0.3 ,N 0.5 ) was calculated according to eq. (2):
where n i corresponds the number of i atom in the unit cell, M i is the molar mass of i atom, N 0 is Avogadro s constant, V cell is unit cell volume. Ti(C,N) has face centered cubic structure, and V cell could be estimated according to lattice parameters. Using the Jade software, the lattice parameters of Ti(C 0.3 ,N 0.5 ) was calculated according to the diffraction angle of Ti(C,N) peaks, and it is about 0.4253 nm. The detailed calculating process regarding the theoretical density of Ti(C 0.3 ,N 0.5 ) is indicated in eq. (3), and the value is 5.1 g/cm 3 . The variables ρ 1 and ρ 3 are the theoretical densities of TiB 2 (4.52 g/cm 3 ) and Co (8.9 g/cm 3 ), respectively. This gives a theoretical density for Ti(C,N)-TiB 2 -Co of 5.23 g/cm 3 .
6.02 × 10 23 × 4.253 3 × 10 −24 = 5.1 g/cm 3 (3) The hardness of the cermets was tested using a Vickers hardness tester (Model HVST-10, China) with a load and loading duration of 98 N and 15 s, respectively. The average value of ve points was adopted as the nal hardness. Fracture toughness was measured and calculated by the indentation method according to eq. (4): 13) 
where H, E, a, l and Φ are the Vickers hardness, elastic modulus (480 GPa), indentation half-length, crack length and shape factor (= 3), respectively. Dry sliding friction and wear tests were carried out on a reciprocating dry friction and wear machine (Model UMT-3, USA) using an applied load, single sliding length, frequency and sliding time of 30 N, 5 mm, 2 Hz, and 31 min, respectively. Cemented carbide balls (K20) 3 mm in diameter were used as the friction pairs. The wear-depth and worn surfaces were examined by true confocal microscope (Model ZEISS Axio CSM 700, German) and SEM.
Results and Discussion

Phase composition and microstructure
As seen in the XRD patterns in Fig. 1 , the sintering temperature signi cantly in uences the phase composition of Ti(C,N)-based cermets produced by RHP. When the sintering temperature was 1000 C, small amounts of graphite and Ti 2 N were observed in addition to Co, TiB 2 and Ti(C,N) phases ( Fig. 1(a) ). As the temperature was increased to 1050 C, the C content decreased and the Ti 2 N phase disappeared entirely ( Fig. 1(b) ). In the temperature range of 1100-1250 C, only the desired phases of Co, TiB 2 and Ti(C,N) were identi ed by XRD ( Fig. 1 (c)-(f)), without any intermediate compounds. In a previous article exploring the formation mechanism of Ti(C,N)-TiB 2 -Co cermets from the Co-Ti-C-BN system by DSC, 10) it was found that Ti-N compounds are initially formed. With increasing temperature, the diffraction peaks of TiN shifted to a lower angle and the amount of carbon gradually decreased. This could be explained by the difference in atomic radii (i.e., carbon has a radius of 0.91 Å, whereas nitrogen is 0.75 Å), which means that the substitution of nitrogen by carbon will lead to an increase in cell size. This explains the shift in the TiN peaks to a lower angle, and so it is believed that Ti(C,N) is synthesized through the solid solution of C into TiN. Indeed, Zhan et al. 7) have produced Ti(C,N) and TiB 2 particles by combustion synthesis, and their investigation of the reaction mechanism in the Ti-C-BN system produced similar results. Elevated temperatures will obviously contribute to atomic diffusion and the solid solution of C into TiN, which would be why TiN and residual carbon disappear when the sintering temperature exceeds 1100 C ( Fig. 1(c)-(f) ).
It should be noted here that although oxygen and zirconia were not identi ed by XRD or EDS ( Fig. 3 (g) and 3(h)), their presence in the raw materials and zirconia balls could contaminate the mixed powders. The absence of Zr in this case may be due to its high hardness and the low rotation rate (100 rpm) used during the milling process. As oxygen generally exists on the surface of powder particles, high sintering temperatures and long holding times are required when cermets are produced by vacuum sintering. It is, however, also known that TiC particles can be prepared by the carbothermal reduction of TiO 2 with C, wherein oxygen on the surface of Ti particles is eliminated by the reaction: TiO 2 + C → TiC + CO 2 . As reactive hot pressing combines combustion synthesis and densi cation, it is assumed that any tiny amounts of oxygen on the surface of the raw material particles is eliminated by a chemical reaction between powders during the RHP process.
The SEM images in Fig. 2 show the products obtained by RHP at different sintering temperatures. As indicated, the white phase is Co; the black, irregular particles are TiB 2 ; and the grey matrix is Ti(C,N) ceramic. With a sintering temperature of 1050-1250 C, Co and TiB 2 were uniformly distributed in the Ti(C,N) matrix and TiB 2 grains gradually grew (Figs. 2(b)-(f)). Interestingly, Co is distributed in separate regions in Fig. 2(a) , which suggests an inhomogeneous mixture. The Co content in the RHP sample sintered at 1250 C also decreased to some extent ( Fig. 2(f) ), the reason for which may be that part of the Co in the Ti(C,N)-based cermets was squeezed from the graphite mold.
To further understand the effect of sintering temperature on the Ti(C,N) matrix, the fracture surfaces of the reacted samples were observed. Note that for any given volume, spherical particles create the least amount of interfacial free energy, but cannot fully ll the whole space. This leads to a gap in the matrix, while the interfacial tension produced by the curved surfaces of the spheres brings about movement of the interface. It is for this reason that the Ti(C,N) particles often exhibited a polyhedral morphology, 10, 14) as shown by the EDS results in Fig. 3(h) . When the sintering temperature was raised from 1000 to 1250 C, the particle size of Ti(C,N) increased from 0.2 to 1 μm because grain growth is an exponential function of temperature. With a further increase in sintering temperature beyond 1200 C, nanometer-sized pores were observed on the surface of the Ti(C,N) grains ( Fig. 3(e ) and 3(f)). According to the literature 15) , these pores are mainly caused by the decomposition of Ti(C,N) and volatilization of N 2 .
Relative density and mechanical properties
The metallographic pictures and corresponding relative densities of the cermets in Fig. 4 show that with increasing temperature, the relative density rst increases, and then decreases. The relative densities of the cermets sintered at 1000 and 1050 C were 95.7 and 98.8%, respectively; the lower value of the former clearly resulting from the existence of black pores (Fig. 4(a) and 4(b) ). According to the XRD patterns in Fig. 1(a) and 1(b) , a certain amount of graphite phase remained in these two cermets, which would explain the decrease in relative density. 10) In the case of the samples sintered at 1100 and 1150 C, the relative density exceeded 99% and no pores could be observed ( Fig. 4(c) and 4(d) ). The XRD patterns (Fig. 1(c) and 1(d) ) also indicated that the graphite phase had completely disappeared in these cermets. This offers further evidence that residual graphite is responsible for the appearance of pores. When the sintering temperature was increased to 1200 and 1250 C, a small quantity of nanometer-sized pores appeared on the surface of the Ti(C,N) particles, and their relative densities decreased to some extent ( Fig. 4(e) and 4(f)). It would therefore seem that these nanometer-sized pores ( Fig. 3(e ) and 3(f)) are the result of an excessive sintering temperature causing decomposition of Ti(C,N). Note that the sintering temperatures used in this work were much lower than those in other studies (1650, 1850 and 1700 C). 5, 16, 17) Figure 5 shows the Vickers hardness of the cermets sintered at different temperatures, from which it can be seen that the Ti(C,N)-TiB 2 -Co composite cermets were harder than the monophase Ti(C,N) cermet (1400-1800 HV10). The main reason for this is the formation of ultra-hard TiB 2 in the composite cermets, which increases their overall hardness. With an increase in sintering temperature from 1000 to 1250 C, the hardness of the Ti(C,N)-based cermets rst increased and then decreased. Thus, it is the specimens sintered at 1150 C that exhibit a maximum hardness of 1947 HV10. The reasons for this change in hardness are as follows: rstly, the specimens sintered at 1150 C have a relatively higher density than the other specimens, which would tend to increase their hardness; secondly, the particle size of Ti(C,N)-TiB 2 -Co is smaller than that of cermets sintered at elevated temperatures (e.g. 1250 C), and this grain re nement could simultaneously enhance both the hardness and fracture toughness. Figure 5 shows the fracture toughness of cermets sintered at different temperatures, in which we see that the fracture toughness exhibited the same trend as the variation of hardness, reaching a maximum of about 6.6 MPa·m 1/2 at 1150 C. The relatively lower fracture toughness mainly originated from the lower Co binder content (< 7 mass%) and the inherent brittleness of Ti(C,N) ceramic. This is comparable with other studies 5, 16) , in which the fracture toughness values of Ti(C,N)-TiB 2 -Ni cermets were only 7.07 and 4 MPa·m 1/2 . In order to improve this fracture toughness, future work will need to focus on exploring the effect of Co content on the microstructure and mechanical properties.
The SEM micrographs in Fig. 6 show crack propagation in Ti(C,N)-based cermets prepared at sintering temperatures of 1150 and 1200 C. It is evident from this that intergranular fracture and transgranular fracture exist in both samples, but that cracks spread along the grain boundary with more de ection in the cermet sintered at 1150 C (see Fig. 6(a) ). In the cermet sintered 1200 C, the cracks cross through bigger TiB 2 grains along a relatively straight path (see Fig. 6(b) ). The greater toughness of the cermet sintered at 1150 C can therefore be attributed to its smaller grains and strong interfacial bonding strength between grains, which helps to consume much of the energy needed for crack expansion through the mechanisms of intergranular fracture and crack de ection.
As the cermet sintered at 1150 C exhibited the most preferable combination of hardness and fracture toughness, its wear resistance was subsequently measured under dry sliding conditions. Meanwhile, comparative tests were carried out on P10 cemented carbide (hardness: 1620 HV10). As shown in Fig. 7 , The groove depths in Ti(C,N)-based cermets and P10 were about 0.6 µm and 1.5 µm, respectively, which implies that the wear resistance of Ti(C,N)-TiB 2 -Co is superior. The morphology and EDS spectra of the worn surfaces of each sample (Fig. 8 ) reveal that thermal fatigue cracks and delamination occurred on the surface of P10, with these being caused by the continuous fraction and wear during the reciprocating sliding movements of a cemented carbide ball. 10) In contrast, very few cracks or layer-stripping phenomenon were observed on the worn surface of the Ti(C,N)-based cermet, thus further proving its higher wear resistance. One of the reasons for this is the higher hardness of Ti(C,N)-based cermet (1947 HV10). The large amount of oxygen detected on its surface by EDS (Spectrum 1) suggests that the high temperatures caused by frictional heat cause oxidation of its surface. Yazdi 18) explored the wear behavior of pure Ti using pin-on-disk testing, and found that titanium oxide is formed due to the high temperature at the interface. Investigation of the sliding wear behavior of TiCN-WC-Ni cermets by Kumar 19) further argued that the dominant oxidation reactions of TiC + (3/2)O 2 → TiO 2 + CO and TiN + O 2 → TiO 2 + (1/2)N 2 occur during sliding tests because TiCN is a solid solution of TiC and TiN. Shobu et al. 20) studied the frictional properties of sintered Ti(CN)-TiB 2 ceramics and the composition of the frictional surface by electron probe microanalysis and electron diffraction, which con rmed the existence of TiO 2 . It is therefore reasonable to conclude that TiO 2 was formed on the worn surface of the Ti(C,N)-TiB 2 -Co cermets. It is plausible that this presence of TiO 2 could reduce the coef cient of friction, thereby improving the wear resistance of Ti(C,N)-based cermets. 19, 21, 22) 
Conclusions
(1) When a temperature of 1100-1250 C is used, Ti(C,N)-TiB 2 -Co cermets produced through RHP technology are devoid of intermediate compounds and have a uniform distribution of Co and TiB 2 in the Ti(C,N) matrix. The relative density, hardness and fracture toughness rst increase with sintering temperature, and then decrease.
(2) RHP samples sintered at 1150 C displayed the most favorable overall properties in terms of their maximum relative density and ne particle size. The hardness and fracture toughness were 1947 HV10 and 6.6 MPa·m 1/2 , respectively.
(3) Friction and wear tests revealed that Ti(C,N)-TiB 2 -Co exhibits superior wear resistance to P10 cemented carbide due to its higher hardness and an oxide layer formed on its worn surface.This would help to improve the wear resistance of Ti(C,N)-based cermets cutting tools.
